In this paper, standard reduced data for adsorption of nitrogen on moderately hydrophobic surface are reported. This surface was obtained by chemical modification of macroporous silica with 3mercaptopropyltrimethoxysilane. In addition, the statistical film thickness, t curve, is derived using these data and nitrogen adsorption isotherms measured on two large-pore ordered mesoporous silica MCM-41 samples modified with the same organosilane. The application of these reference adsorption data is shown in the evaluation of pore-size distribution and in the related characterization of mesoporous materials with moderate surface hydrophobicity.
INTRODUCTION
Nitrogen adsorption is commonly used for characterization of porous materials, which involves the evaluation of various adsorption parameters such as the specific surface area, total pore volume and pore-size distribution (PSD) (Sing et al. 1985; Kruk and Jaroniec 2001) . Adsorptionbased characterization of materials has been significantly influenced by the discovery of ordered mesoporous materials (OMMs) in 1992 (Beck et al. 1992) . The availability of OMMs, both unmodified and surface-modified ones, as well as the development of modern adsorption instruments, has contributed to the advancement in the characterization methods based on gas adsorption data . Among these methods, the determination of PSDs from gas adsorption isotherms is especially important for the characterization of porous solids. The well-known method for the determination of PSD [the so-called Barrett-Joyner-Halenda (BJH) method] was proposed by Barrett et al. (1951) and significantly improved by Kruk, Jaroniec and Sayari (KJS method; Kruk et al. 1997 ). In the KJS method, the relation between the pore diameter and the capillary condensation pressure was derived from experimental data for well-defined OMMs with approximately cylindrical pores of different sizes instead of using the classical Kelvin equation, which is not fully applicable for small mesopores. In addition, the statistical film thickness curve (t curve) was based on the adsorption isotherms for macroporous silicas, which are suitable to be used as reference data for the comparative adsorption analysis (Jaroniec et al. 1999) . The conversion of the adsorbed amount for the reference adsorbent to the statistical film thickness values was performed using the statistical film thickness data for large-pore ordered mesoporous silica (Kruk et al. 1997) . However, many materials can have different surface properties than silicas. In such cases, the t curve derived for the silica surface may be not fully applicable for the pore-size analysis of these materials, making it more difficult to discern fine details on the PSDs, especially those located at the borderline between micropore and mesopore ranges.
Numerous reference adsorption isotherms for various solid surfaces are available in literature and can be converted to t-curve data. For example, Gregg and Sing (1982) , Aristov and Kiselev (1965) , Jaroniec et al. (1999) and Qiao et al. (2003) have published nitrogen adsorption isotherms for non-porous or macroporous silica. In addition, reference nitrogen adsorption isotherms have been published for non-porous/macroporous amorphous carbons (Kaneko et al. 1992; Kruk et al. 1999b; Nakai et al. 2010 Nakai et al. , 2012 and non-porous/macroporous graphitized carbons (Gardner et al. 2001; Nakai et al. 2012) . Another interesting reference nitrogen adsorption isotherm has been reported by Kruk et al. (1999a) . This isotherm has been measured on a hydrophobic surface obtained by chemical modification of silica with long-chain alkyl silanes. Note that chemical modification of silica with different organosilanes is often used for tailoring surface properties of siliceous materials (see the review by Van der Voort et al. 2008 and references therein; Jaroniec et al. 1998) . Surface grafting is commonly used for the preparation of chemically bonded phases, which are essentially important in various applications such as the reverse-phase chromatography (Unger 1990; Scott 1993; Buszewski et al. 1994; Vansant et al. 1995) . This brief survey of reference nitrogen adsorption isotherms shows that there are t-curve data reported for hydrophilic (silica; Jaroniec et al. 1999 ) and highly hydrophobic (silica with octyldimethylsilyl groups; Kruk et al. 1999a) surfaces; however, there are no reference adsorption data for moderately hydrophobic surfaces.
The aim of this work is to present reference data for nitrogen adsorption on a nonporous/macroporous solid with intermediate surface properties between unmodified silica and highly hydrophobic material obtained by grafting silica with octyldimethylsilyl groups. The statistical film thickness (t curve) for such an intermediate surface was derived on the basis of nitrogen adsorption isotherms measured on ordered mesoporous and macroporous silica samples modified with 3-mercaptopropylsilyl polymeric ligands. All modified silica samples possessed similar surface coverage of bonded ligands. The resulting t curve for the MPS-modified silica surface was used in calculating PSDs by applying the KJS method (Kruk et al. 1997) . For the purpose of simplified PSD calculations, an accurate analytical representation of the statistical film thickness for the MPS-modified silica surface (in the form of the Harkins-Jura equation, valid in the relative pressure range from 0.1 to 0.95) was also found. In addition, the reported data were used in the α s -plot analysis in order to show their usefulness in determining the adsorption properties of the modified materials such as pore volume and external surface area.
EXPERIMENTAL SETUP

Materials
Macroporous silica gel LiChrospher Si-1000 was acquired from EM Science (Gibbstown, NJ). The large-pore highly ordered MCM-41 silicas with average pore sizes of 4.77 and 4.86 nm were prepared using docosyltriethylammonium surfactant as reported by Ryoo et al. (1999) and Jaroniec et al. (2001) . 3-Mercaptopropyltrimethoxysilane (MPS; technical grade, 85%) was purchased from Acros Organics (NJ). Toluene (water content below 0.02%) and isopropanol (anhydrous) were obtained from Fisher Scientific (Pittsburgh, PA). All materials were used without additional purification.
Modification of Silica Samples
MPS was used to attach mercaptopropylsilyl groups to the silica surface by the following procedure: 1.5 g of macroporous LiChrospher Si-1000 and 0.04 ml of MPS silane were placed in a round-bottomed flask, dispersed in 30 ml of toluene and kept under a reflux condenser for 6 hours at 110 °C. Such a relatively short modification time was chosen to minimize a possible polymerization of the trifunctional silane used, and thus to obtain a monolayer of the chemically bonded phase. The modification of two aforementioned MCM-41 samples was performed by using 0.2 g of each sample, 10 ml of toluene and 0.45 ml of silane. In this case, the reaction time was between 24 and 34 hours, respectively. Sample 1 was obtained by modification of the MCM-41 material with an average pore width of 4.77 nm using MPS for 34 hours; however, sample 2 was prepared by analogous modification of the MCM-41 material with an average pore width of 4.86 nm using the same organosilane for 24 hours. Magnetic stirring was used for effective mass transfer during the grafting process. The modified silicas were cooled down to room temperature and washed several times with toluene and isopropanol on a filter to remove the silane that had not been attached to the silica surface. Subsequently, the samples were dried overnight in a vacuum oven at 70 °C.
Measurements
The carbon content in the modified samples was determined using a LECO model CHNS-932 elemental analyzer (St. Joseph, MI). For each sample, at least three measurements were taken and an average value was calculated. Thermogravimetric analysis was carried out under nitrogen atmosphere up to 1000 °C with a heating rate 5 °C min -1 on a high-resolution TGA 2950 thermogravimetric analyzer (TA Instruments, Inc., New Castle, DE). Nitrogen adsorption isotherms at -196 °C were measured using a Micrometrics ASAP 2010 volumetric adsorption analyzer (Norcross, GA). For the reference adsorbent LiChrospher Si-1000, nitrogen adsorption runs were performed twice. An excellent agreement in the relative pressure range of 10 -5 -0.96 was found. Before the adsorption measurements, samples were outgassed for 2 hours at 140 °C.
Calculations
The specific surface areas of the samples studied were calculated using the standard BET method on the basis of nitrogen adsorption data in the range of relative pressures from 0.04 to 0.2, and the cross-sectional area of nitrogen molecule (0.162 nm) . The total pore volume (V t ) was estimated from the amount adsorbed at a relative pressure of 0.99. The external surface area (S ex ) and the volume of mesopores (V p ) were evaluated using the α s -plot method (Sing et al. 1985; Jaroniec and Kaneko 1997) in the range of the standard reduced adsorption (α s ) from 1.5 to 2.0 (which corresponds to the relative pressure interval of 0.75-0.91).
Nitrogen adsorption isotherm for the LiChrospher Si-1000 silica modified with 3mercaptopropylsilyl groups was used as reference data in the α s -plot analysis. The coverage of the organic ligands on the surface was calculated from the carbon content and the BET specific surface area of the unmodified samples (Buszewski et al. 1994) . It was assumed that the MPS silane chemically attached to the silica surface did not undergo polymerization because of possible hydrolysis and condensation of methoxy side groups to form siloxane bridges. The carbon-tosulphur ratio was used to determine the approximate degree of hydrolysis of methoxy side groups, i.e. the statistical number of carbon atoms and the molar mass of a single ligand.
The statistical film thickness (t) of nitrogen adsorbate on the mesopore walls of the modified materials was estimated by using the ratio of the adsorbed amount in primary mesopores to their maximum adsorption capacity under assumption of the cylindrical pore geometry (Kruk et al. 1997) as follows:
( 1) where w mod is the pore diameter of the modified MCM-41 sample, v p,max is the maximum adsorption capacity of primary mesopores and v p (p/p 0 ) denotes the amount adsorbed in primary mesopores as a function of relative pressure and can be estimated by equation (2) from the adsorption isotherm measured on the modified material v(p/p 0 ) by subtracting the amount adsorbed on its external surface (S ex ) (2) where S BET,ref and v ref (p/p 0 ) are the BET specific surface area and the adsorption isotherm for a reference adsorbent that has the same surface properties as the sample under study. The maximum amount adsorbed, v p,max , was assumed to be equal to the amount adsorbed at the relative pressure of 0.85, v p(0.85) (see details in the work by Kruk et al. 1997) .
PSDs [equation (3)] were calculated from adsorption branches of nitrogen isotherms by applying the BJH calculation procedure (Barrett et al. 1951) , in which an improved form of the Kelvin equation for capillary condensation in small cylindrical mesopores was used (Kruk et al. 1997 ):
( 3) where r is the pore radius expressed in nm, p is the equilibrium vapour pressure, p 0 is the saturation vapour pressure, t(p/p 0 ) is the statistical film thickness (t curve) expressed in nm and derived on the basis of nitrogen adsorption isotherm for the modified macroporous silica gel, LiChrospher Si-1000, and the last term (in nm) refers to the empirical correction reported by Kruk et al. (1997) .
The pore diameter was estimated at the maximum of PSD, w KJS , as well as by applying equation (4), which uses the difference between the volumes of primary mesopores for unmodified and modified MCM-41 samples, V p and V p,MCM-41 , respectively:
where w KJS,MCM-41 is the pore diameter of unmodified MCM-41 obtained by the KJS method, x c is the mass fraction of the carbon content in a modified sample, M is the molecular mass of the silane bonded to the surface and n c stands for the number of carbon atoms in the attached ligand.
RESULTS AND DISCUSSION
Adsorption of Nitrogen on Mercaptopropylsilyl-modified Silica Surface
Nitrogen adsorption isotherm for mercaptopropylsilyl-modified LiChrospher Si-1000 silica is shown in Figure 1 and the corresponding standard reduced nitrogen adsorption data are listed in Table 1 . The aforementioned isotherm resembles Type II (according to the IUPAC classification) with a very narrow hysteresis at pressures close to the saturation vapour pressure (which is usually associated with Type IV isotherm). The collected data are in a broad range of relative pressures, including values as low as approximately 10 -6 . This isotherm shows that in the range of very-low relative pressures, nitrogen is initially adsorbed on the modified silica surface and gradually multi-layer is formed up to a relative pressure of approximately 0.95. At the relative pressures close to unity, a tiny hysteresis is observed, which is associated with capillary condensation in the pores at the borderline between mesopore (2-50 nm) and macropore (above 50 nm) ranges. Note that the reference data should not exhibit hysteresis loop associated with capillary condensation/evaporation; therefore, adsorption values provided in Table 1 for relative pressures close to unity were approximated by using adsorption data for LiChrospher Si-4000 silica, which has much lower surface area than LiChrospher Si-1000 (Kruk et al. 1997) . It should be noted that nitrogen multi-layer adsorption at pressures close to the saturation vapour pressure is expected to be largely independent from the surface properties of the particular adsorbent.
The BET specific surface area, the carbon content and the surface coverage of the mercaptopropylsilyl-modified LiChrospher Si-1000 were 26.69 m 2 /g, 0.395% and 2.75 µmol/m 2 , respectively. The BET specific surface area of the unmodified LiChrospher Si-1000 was measured and its value was 26.43 m 2 /g, which is similar to that of the modified sample. The coverage of the silica surface with mercaptopropylsilyl groups changed its surface properties, resulting in significantly lower adsorption in the range of low relative pressures. This behaviour can be attributed to the weaker interactions of nitrogen molecules with the modified silica surface. The constant C of the BET equation, which provides some information about the strength of interactions between nitrogen molecules and the mercaptopropylsilyl-modified silica surface, was equal to 48. This value is higher than that obtained for nitrogen adsorption on octyldimethylsilylmodified silica surface (C = 21; reference data were reported by Kruk et al. 1999a) , which means that interactions between nitrogen and mercaptopropylsilyl-modified silica surface are stronger than those for more hydrophobic surface, i.e. octyldimethylsilyl-modified silica. In contrast, the constant C for unmodified LiChrospher silica surface, which is more hydrophilic, is approximately 100.
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Kamil Gierszal et al./Adsorption Science & Technology Vol. 31 No. 2/3 2013 Figure 2 shows nitrogen adsorption isotherms on the modified MCM-41 samples. The shape of these isotherms is Type IVc according to the IUPAC classification . They feature a steep capillary condensation step at a relative pressure of about 0.37 but it is not associated with hysteresis loop, which indicates that the pore width of these samples is below 4 nm. Both samples show small hysteresis loops at higher relative pressures associated with secondary mesopores, which possess larger sizes than the sizes of the primary (ordered) mesopores. S BET, BET specific surface area; S ex , external surface area; SC, surface concentration of mercaptopropylsilyl ligands; V p , volume of primary mesopores; V t , total pore volume; w KJS , pore diameter calculated according to the KJS method; w mod , pore diameter obtained by equation (4) using the difference between the volumes of primary mesopores for unmodified and mercaptopropylsilyl-modified MCM-41 silica samples; x c , mass fraction of carbon in the modified MCM-41 samples.
Nitrogen Adsorption on Mercaptopropylsilyl-modified MCM-41 Silica Samples
Nitrogen adsorption isotherm measured on the mercaptopropylsilyl-modified macroporous silica is suitable as a reference isotherm for the α s -plot analysis of mesoporous materials with moderate hydrophobicity and in particular for characterization of the MCM-41 samples modified with the same surface ligand. The data reported in Table 1 were used for the evaluation of the volume of primary mesopores and the external surface area by the α s -plot method (see Table 2 ). The α s -plots for the modified MCM-41 materials are shown in Figure 3 .
The α s -plot analysis is primary used for the estimation of the external surface area and pore volumes, especially micropore volume; however, this method is also very useful for the determination of differences in the surface properties of materials (Jaroniec and Kaneko 1997) . If the mesoporous material studied does not contain micropores and the surface properties of this material and the reference sample are identical, the initial portion of the α s plot (up to the step reflecting the capillary condensation) should be linear. As expected, the initial segments of the α s plots shown in Figure 3 are linear because the MCM-41 silica samples studied did not possess micropores and these samples exhibited similar surface properties after modification with MPS to those of the reference sample (data listed in Table 1 ). A minor upward deviation from linearity visible in the initial segment of the α s plot in Figure 3 is probably caused by the slightly different surface properties of the modified MCM-41 samples and the reference material.
The modification time of the MCM-41 samples was varied depending on the intended extent of the surface coverage. The control of the surface coverage was achieved through the adjustment of the synthesis conditions, which was needed to achieve the similar bonding density on the samples studied. The amount of physically adsorbed water on the silica surface before surface modification process is an important factor governing the modification outcome. For example, the modification of one MCM-41 sample, which initially contained approximately 11% of water, resulted in higher bonding density, significantly lower nitrogen adsorption and the lack of capillary condensation; these facts indicate that mesopores were blocked because of the formation of a thick polymeric phase by hydrolysis and condensation of MPS. It is noteworthy that to get approximately the same degree of surface coverage for the macroporous LiChrospher Si-1000 silica and the MCM-41 silica samples, the time and the amount of the organosilane used (proportional to the specific surface area) was significantly lower (twofold) in the case of LiChrospher Si-1000. This indicates that the surface properties and also the porosity play an important role during grafting.
Statistical Film Thickness for the Modified MCM-41 Materials
The statistical film thickness for nitrogen layer formed on the pore walls of approximately cylindrical channels of the MCM-41 samples was calculated by equations (1) and (2) using nitrogen adsorption isotherms for two samples; the t curves for these samples are shown in Figure  4 .
The statistical film thickness curves for the two modified MCM-41 samples coincide well in the range of mono-and multi-layer formation (range before capillary condensation). Assuming that the statistical film thickness of molecular nitrogen monolayer is 0.354 nm (typically assumed value; Gregg and Sing 1982) , one can estimate the relative pressure corresponding to the completion of monolayer, which is approximately 0.04. Both modified MCM-41 samples exhibit similar behaviour before the onset of capillary condensation that becomes apparent at the relative pressures below approximately 0.2. Because of the occurrence of the capillary condensation, the statistical film thickness curves for the modified MCM-41 silicas can be evaluated only for a limited range of relative pressures (up to the capillary condensation step). Therefore, in order to get the statistical film thickness curve for the entire pressure range, adsorption isotherm on the modified LiChrospher Si-1000 silica was fitted to the initial range of t curves obtained for the modified MCM-41 samples (see Figure 4 ). Next, the pore size in the formula for the film thickness [equation (1)] was calculated on the basis of PSDs obtained by using the reference LiChrospher Si-1000 silica covered with the same ligand as that used in the modification of the MCM-41 samples. To obtain the final t curve, several iterations were performed. In the case of the first iteration, one evaluates the pore size by using the proportionality constant [in the formula, t(p/p 0 ) = const × v, where v denotes the volume adsorbed] for an unmodified silica. Next, this pore size is used for evaluation of a more accurate film thickness and subsequently for the determination of more accurate pore size. The iteration process is stopped when very similar values are obtained. The resulting proportionality constant was obtained by averaging values for two modified MCM-41 samples. The t curve, t(p/p 0 ) = const × v, for the mercaptopropylsilyl-modified LiChrospher Si-1000 silica surface was obtained by multiplying the corresponding nitrogen adsorption isotherm (Figure 1) with the proportionality constant (= 0.08), which was found by the aforementioned iteration. Note that this factor is dependent on the surface area of the reference solid (Kruk and Jaroniec 2003) .
The standard reduced α s adsorption data for the mercaptopropylsilyl-modified silica are listed in Table 1 and can be converted to the t-curve data by using the multiplying factor provided in footnote of this table. An analytical Harkins-Jura-type expression for the t-curve data valid in the relative pressure range of 0.1-0.95 is provided below (5) The statistical film thickness t is expressed in nm and can be used in the BJH and KJS methods proposed by Barrett et al. (1951) and Kruk et al. (1997) , respectively, for the calculation of PSDs. Our previous studies (Kruk et al. 1999a) show that the use of the t curve for the modified silica results in a more reliable PSD and, in particular, in the reduction of artefacts in the micropore range.
The good-quality MCM-41 samples are suitable model adsorbents for determining statistical film thickness because they possess the well-defined cylindrical pore geometry, which makes the calculations very simple. However, one needs to keep in mind that the MCM-41 mesopores may have hexagonal rather than circular shape . In this case, the statistical film thickness, estimated as described earlier, would be approximately 5% lower. In contrast, even if the mesopores of the unmodified MCM-41 are hexagonal, the shape of these pores becomes rather circular after attachment of flexible organic groups. Another source of inaccuracy in the t-curve estimation is related to the fact that the pore diameter of the modified MCM-41 model materials was only approximately 4 nm; for such small mesopores, the statistical film thickness can be slightly larger than that for a flat surface (Broekhoff and de Boer 1968 ). Figure 5 shows the PSD curves for the samples studied, which were evaluated using the KJS method (Kruk et al. 1997 ) and the t curve reported in this work. Both modified MCM-41 samples feature narrow PSD curves, indicating high uniformity of mesopores, which was not significantly affected by attachment of organic groups. These PSD curves were obtained from adsorption branches of isotherms.
PSDs
Application of the t curve for the reference adsorbent featuring similar surface properties as the samples studied resulted in PSD without artefact tails in the range of micropores. However, one should note that the KJS method was calibrated for mesopores up to 2 nm and its use in the range of 1-2 nm is acceptable but it is likely to fail in the range below 1 nm; note that the classical BJH method did not work well in the micropore range as well as in the range of small mesopores. It is possible that a tiny peak on the PSD curves at approximately 1 nm can be an artefact; however, this peak is small when compared with that generated by the classical BJH method. One can encounter such artefacts, when the PSD calculations for mesoporous materials are performed using t curve for the reference solid that differs considerably in the surface hydrophobicity from the sample under study. The pore width at the maximum of PSD for the samples studied is remarkably consistent with that calculated using equation (4).
Note that the capillary condensation steps for the modified MCM-41 samples are less steep when compared with those for the unmodified MCM-41 materials ). This implies broader PSDs, indicating smaller uniformity of the pore channels. The formation of a polymeric-type bonded organic layer on the mesopore walls was most likely responsible for a slight broadening of the PSD curves. After the grafting process, the positions of the capillary condensation steps shifted towards lower relative pressure, indicating a decrease in the pore width along with disappearance of adsorption-desorption hysteresis, which is not observed for cylindrical pores of diameter below 4 nm in the case of nitrogen at -196 °C. Note that the pore diameters of the modified MCM-41 samples were slightly below 4 nm, while the corresponding values for unmodified MCM-41 samples were approximately 4.8 nm .
CONCLUSIONS
In this study, nitrogen adsorption isotherms for the macroporous silica and two MCM-41 silicas modified with mercaptopropylsilyl groups are reported. Standard reduced adsorption data for nitrogen on the modified macroporous silica are tabulated and used to derive the statistical film thickness for a moderately hydrophobic surface, showing properties between hydrophilic silica surface and highly hydrophobic surface obtained by attachment of octyldimethylsilyl groups to macroporous silica. It is shown that the reported t-curve data are useful for characterization of mesoporous materials with moderate hydrophobicity. 
